Three different types of high power Hall thrusters-anode layer type, magnetic layer type with high specific impulse, and magnetic layer type with dual mode operation (high thrust mode and high specific impulse mode)-have been developed, and the thrust performance of each thruster has been evaluated. The thrust of the anode layer type thruster is in the range of 19-219 mN, with power in the range of 325-4500 W. The thrust of the high specific impulse magnetic layer type thruster was 102 mN, with specific impulse of 3300 s. The thrust of the bimodal operation magnetic layer thruster was 385 mN with specific impulse of 1200 s, and 300 mN with specific impulse of 2330 s. The performance of these thrusters demonstrates that the Japanese electric propulsion community has the capability to develop a thruster for commercial use.
Introduction
High power electric propulsion (EP) is increasingly in demand as a main propulsion system for planetary exploration missions 1) and all-electric satellites.
2) It would also be appropriate for space cargo missions for the Manned Mars Mission and construction of the Space Solar Power System. US, European, and Japanese research organizations and companies are competing in the development of high power electric propulsion. [3] [4] [5] The most mature EP system, the ion engine system, has shown good performance at low power levels, from several hundred W to kW; the successes of the "Deep Space 1" 6) and the asteroid explorer "Hayabusa" 7) have shown the superiority of the ion engine system. Hall thrusters are also promising, and they have shown competitive performance against ion thruster systems 8, 9) and superior performance at higher power levels. 10, 11) Traditionally, thrustto-power ratio, specific impulse, and hours of operation for Hall thrusters are around 50-60 mN/kW, 1500-2000 s and 6000-10000 h, respectively. The characteristics of the Hall thruster are its high thrust density and wide power range operation, with acceptable efficiency. The use of Hall thrusters in satellites yields lower trip times and lower system gross mass than the use of ion thrusters. 12) There are two major types of Hall thrusters; the magnetic layer type and the anode layer type. 13, 14) Many satellites with the magnetic layer type Hall thrusters have been launched and operated. In 2003, the SMART-1 mission presented by ESA adopted a PPS-1350, which was operated successfully. Total impulse was 1.1 million N0s and delta-V was 3.9 km/s. 15) A Hall thruster named Hall Effect Rocket with Magnetic Shielding (HERMeS) is currently under development for the US Solar Electric Propulsion demonstration mission. 16) This is a 12.5 kW, 3000 s specific impulse thruster with "magnetic shielding" 17) technology. Magnetic shielding is expected to extend the life expectancy of the Hall thruster.
The other type of Hall thruster, the anode layer type, was developed in Russia as a Thruster with Anode Layer (TAL). The D-55 is the most famous Russian anode layer type Hall thruster, but it has less operational time than the magnetic layer type Hall thrusters. 18) In Japan, there have been many studies on Hall thrusters since the late 80's, 19) as reported by Kaufman. 8) These studies have focused on the improvement of thrust performance in both single stage and two stage Hall thrusters (Periplasmatron ion source, 20) microwave discharge ion source 21) ), understanding of ion production/acceleration/loss processes, and understanding of the plasma-wall interaction mechanism. In addition to experimental studies, since the 1990's, numerical simulation codes have been developed to study the physics behind the Hall thruster. [22] [23] [24] [25] [26] These studies have demonstrated that numerical simulation is a powerful tool for clarification of the physics in the system as well as for the development of Hall thrusters.
Based on this experience, several Hall thrusters have recently been developed at the University of Tokyo, 27, 28) Osaka University/Osaka Institute of Technology (OIT), 29, 30) Tohoku University, 31) Nagoya University, 32) Gifu University, 33) Kyushu University, 34) Tokyo Metropolitan University (TMU), 35) and The Institute of Space and Astronautical Science (ISAS) in the Japan Aerospace Exploration Agency (JAXA). 36) This work has not been confined to universities and JAXA, industry has also been involved, in collaboration with universities; the IHI Corporation and Osaka University 37) developed a 1 kW class Hall thruster, and Mitsubishi Electric Corporation 38) developed a 250 mN class Hall thruster.
The understanding developed through this work, and the successful demonstration of an all-electric propulsion satellite by Boeing, 2) have inspired the development of high power electric propulsion in Japan; three 5 kW class Hall thrusters are currently under development. One is a 2-6 kW class dual mode operation Hall thruster developed by JAXA, IHI, IHI Aerospace Engineering Corporation (IA), and TMU. (2-6 kW is considered to be the most useful operational range for a variety of missions.) The second is a 5 kW class anode layer type Hall thruster developed as part of the Robust Anode-layer Intelligent Thruster for the Japanese IN-space propulsion system (RAIJIN) project, comprised of nine universities and JAXA. 39) The third is a magnetic layer type Hall thruster with high specific impulse developed at OIT. In the present paper, we report on the current status of these thrusters. Figure 1 shows the 5 kW class anode layer type Hall thruster, RAIJIN94, developed as part of the RAIJIN project. The inner and outer diameters of the acceleration channel are 60 mm and 94 mm, respectively. An inner solenoid coil and four outer solenoid coils create a predominantly radial magnetic field in the acceleration channel. There is a trim coil, which can change the shape of the magnetic field configuration. The thruster has a hollow annular anode, which consists of two cylindrical rings, with a propellant gas fed through them. The gap between the tip of the anode and the exit of the acceleration channel is fixed at 3 mm. A hollow cathode (Veeco, HECS) is used as an electron source. Tests were conducted in an ISAS/JAXA ion engine endurance test vacuum chamber, 40) 2 m diameter by 5 m length, evacuated by four cryogenic pumps (44,000 l/s for xenon), with the pressure kept below 6:6 Â 10 À3 Pa (for xenon) during thruster operation, with total mass flow rates of 13.5 mg/s (140 sccm). Pressure was measured using an ionization gauge, which was positioned close to the top of the thruster behind a shroud. The chamber baseline pressure was below 1 Â 10 À5 Pa. High-purity (99.999%) xenon gas was used as the propellant. Thrust measurement was performed using a dual pendulum thrust stand.
Experimental Setup
41) The uncertainty of the thrust was estimated as 3% at the thrust level of 200 mN, due to the friction of the calibration system, thermal drift effect, and the magnetic interference between the thruster and the thrust stand/vacuum facility.
The THT-VI magnetic layer type Hall thruster for high specific impulse, which was developed at Osaka Institute of Technology, is shown in Fig. 2 . The outer diameter of the discharge channel is 100 mm and the inner diameter is 56 mm, that is, the channel is 22 mm wide and 40 mm long. These channel dimensions are the same as those of the Russian SPT-100.
42) The discharge channel wall is made of bor- Dual mode operation magnetic layer type Hall thruster breadboard models were developed by JAXA, IA, IHI/IA, and TMU. For the requirements of the both high-thrust and high-I sp modes, we intend to put the ion production region at the appropriate downstream position. The effective diameters of the channels are 100 mm for BBM1a and 140 mm for BBM1b, as shown in Fig. 3 . A larger model, BBM2, 170-mm effective diameter was also fabricated and tested. The design of the thruster head was based on pre-design numerical calculations; not only the geometric and magnetic field configurations, but also plasma production and loss mechanisms were quantitatively estimated prior to fabrication. 43) The use of numerical simulation in the preliminary design phase allowed optimization of the configuration and drastically shortened the development time.
Performance tests were conducted in the IHI vacuum chamber (2 m diameter and 3 m length) and the vacuum chamber at the Georgia Institute of Technology (5 m diameter and 9 m length). 44) In the experiment, the pressure inside the vacuum chamber was kept below 4 Â 10 À3 Pa, with a few exceptions. In the experiment, xenon mass flow rates were changed from 5 to 30 mg/s for the anode, and the cathode mass fraction was kept to 10% of that of the anode. Discharge voltages were set at 150 to 800 V.
Results and Discussion
For evaluation of the Hall thruster performance, specific impulse, I sp , and thrust efficiency, t , are defined as Figure 4 shows the thrust of the RAIJIN94 5 kW class anode layer thruster versus input power. The dependency of the thrust on incident power shows some inconsistency, as the thrust was measured for various mass flow rates and various magnetic field configurations. The thrust is in the range of 19-219 mN for power in the range of 325-4500 W. The lower limit is imposed by low efficiency and the upper limit is imposed by a combination of the cathode capacity, instability, and overheating. As in conventional Hall thrusters, the thrust and power consumption are almost proportional to mass flow rate. The thrust is almost proportional to the square root of the discharge voltage, and power consumption is almost proportional to the discharge voltage; thrust is proportional to the square root of power consumption, if the mass flow rate is fixed. Figure 5 shows the thrust versus coil current at a discharge voltage of 300 V, mass flow rate of 4.9 mg/s, and trim coil current of 0 A. The thrust depends strongly on the magnetic field configuration, since the ion production and acceleration depend strongly on magnetic field configuration. 20) The thrust at the inner coil current of 0.5 A and the outer coil current of 0.84 A goes to a minimum value, 71 mN, in these measurements. The thrust reaches maximum, 91 mN, at inner coil current of 0.3 A and outer coil current of 0.5 A. There is a 20 mN difference, or about 25% of the average thrust, between the two different magnetic field configurations, even when the mass flow rate and discharge voltage are fixed. Figure 6 shows the relation between trim coil current and thrust at the inner coil current of 0.4 A, the outer coil current of 0.4 A, discharge voltage of 300 V, and mass flow rate of 4.9 mg/s. The increase in the trim coil pushes the lines of force toward the downstream region, as shown in Fig. 7 . This will also push the plasma generation and acceleration region toward the downstream end of the field. This would Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 5, 2017 tend to extend the lifetime of the thruster, though the thrust and discharge current might be decreased due to degradation of propellant utilization. This result shows that with increase in trim coil current, the thrust and discharge current decrease, as mentioned above, and the thrust achieves a maximum value of 82 mN at the trim coil of ¹1 A. The thrust reaches a maximum at trim coil of ¹1 A, because with a decrease in trim coil current, the lines of force are attracted into the hollow anode, and the ion production region moves upstream. This improves propellant utilization and thrust increases. It should be noted that excessive trim current does not affect the plasma generation region due to the anode geometry. These results show that magnetic field configuration greatly affects both thrust and power consumption; optimization of the magnetic field is crucial, not only to the lifetime of the thruster 17) but also to thruster performance. Figure 8 shows the relation between power consumption and thrust of the THT-VI at a mass flow rate of 3.0 mg/s.
The magnetic coil ratio and magnitude are optimized at the discharge voltage of 750 V and mass flow of 3.0 mg/s. The magnetic coil ratio and magnitude are fixed to demonstrate the dependency of current and thrust on discharge voltage in a fixed magnetic field configuration. Thrust is almost proportional to the square root of the input power, as in conventional Hall thrusters, and thrust of 100 mN was achieved at discharge voltage of 850 V. THT-VI is a high specific impulse aimed Hall thruster and, indeed, the specific impulse was 3:3 Â 10 3 s at discharge voltage of 850 V, with good thrust efficiency of 0.60. This is a sufficiently high specific impulse to perform planetary exploration missions. The THT-VI shows stable operation below a discharge voltage of 900 V, and it shows unstable operation above 900 V, owing to overheating of the thruster body; the outer acceleration channel wall was observed to be red hot. Overheating could be overcome by the adoption of a large radiation shield, increase in the thruster size, and/or the adoption of a pyrolytic carbon anode. Maximum efficiency is 0.60 at discharge voltage of 750 V; thrust performance would be improved if the magnetic field configuration (inner coil current, outer coil current and trim coil current) were optimized for the discharge voltage. The thrust of the breadboard models developed at IHI/ JAXA/IA/TMU, the BBM1a, BBM1b and BBM2 thrusters, is plotted against input power in Fig. 9 . The magnetic field configuration was optimized for each condition (each mass flow and each discharge voltage). These thrusters are designed for dual mode operation, that is, high thrust mode for quick orbital transfer from GTO to GEO, and high specific impulse mode for north-south station keeping (NSSK). The target thrust of the high thrust mode is 320-430 mN, with specific impulse of 1180 s or higher. The second target thrust is 140 mN at power consumption of 3 kW with specific impulse of 2500 s or higher. BBM1b demonstrates good bimodal operation; thrust of 354 mN with specific impulse of 1100 s at power consumption of 5140 W and mass flow rate of 30 mg/s, and 130 mN with specific impulse of 2350 s at mass flow rate of 5 mg/s and power consumption of 3500 W. BBM2 also demonstrated dual mode operation; thrust of 380 mN with specific impulse of 1200 s at mass flow rate of 30 mg/s, and thrust of 140 mN with specific impulse of 2050 s at mass flow rate of 6 mg/s and 300 mN with specific impulse of 2330 s at mass flow rate of 12 mg/s. The upper limit of input power is defined by thermal issues and facility restrictions, the thrust range is limited to 136-473 mN for BBM2 in the power range of 1500 W to 6970 W. The thrust efficiency is in the range of 0.4 to 0.6, which is quite good as compared to the other Hall thrusters. [14] [15] [16] [17] Thrust-to-power ratio (T/P) is a good indicator of thruster performance--large T/P is required for orbit transfer from GTO to GEO or drag compensation at low altitude orbit. Figure 10 shows T/P for three thrusters versus specific impulse. The T/P is in inverse proportion to the specific impulse, if the thrust efficiency is constant. The BBM2 has a high T/P with specific impulse of 1000-2000 s and the maximum T/P exceeds 70 mN/kW. The BBM2 is a remarkable thruster, since it achieved a high thrust efficiency of 0.4 at a low specific impulse of 1050 s, and higher efficiency at higher specific impulses.
Conventional Hall thrusters have a low T/P with specific impulse of less than 1000 s, as a results of low thrust efficiency. this is due to low propellant utilization for discharge voltages below 150 V. The THT-VI also has a high T/P ratio, considering its specific impulse of 1800-3300 s. This is due to high thrust efficiency (0.5-0.6). RAIJIN94 also shows high T/P, with specific impulse of 1200 s to 2000 s. These thrusters have a wide variety of T/P (from 30 mN to 60 mN) and specific impulse (from 1800 s to 3300 s), and they demonstrate capable performance for practical applications, as shown in Table 1 . Lifetime assessment of the thruster head and development of a neutralizer will be necessary next steps.
Conclusion
Several 5 kW class Hall thrusters, RAIJIN94, THT-VI and BBM1a, BBM1b and BBM2 have been developed at UT/ KU, OIT, and JAXA/IA/IHI/TMU, and the thrust performance evaluated. The specific impulse was found to be in the range of 1000 s to 3300 s with sufficient thrust efficiency (0.4-0.6) and thrust to power ratio (30-78 mN/kW). The thrust to power ratio of BBM2 was 78 mN/kW, with specific impulse of 1050 s; this is a remarkable thrust to power ratio and it would be sufficient to shorten the transition from GTO to GEO. The specific impulse of THT-VI achieved 3300 s with a high thrust efficiency of 0.60; this performance rivals that of other high specific impulse Hall thrusters. RAIJIN94 shows good performance, and thrust efficiency of 0.5-0.6 with specific impulse of 1200-2200 s. Hall thruster development in Japan has been highly successful, and has led to the current state-of-the-art. The stage is set for technological and application breakthroughs in the near future.
